Different aspects of molecular dynamics can be understood by measuring the velocity and spatial distribution of the products, ensuing from photodissociation. A method that can be used for this purpose is one-color velocity map imaging (VMI), which involves projection of the expanding ionized photofragments, resulting from photodissociation, onto a twodimensional position sensitive ion detector. This is achieved by passing the ions through a special electrostatic lens, while applying particular chosen electric fields, which focuses ions with the same mass and initial velocity to the same position on the plane of the detector.
Introduction Velocity map imaging
In order to understand some aspects of molecular dynamics that take place in processes such as photodissociation and photoionization, it is necessary to measure the velocity and spatial distribution of the fragments that ensue from the photodissociation. These measurements can reflect some details of the potential surface of the molecule and the bond strength. The photofragment-ion imaging technique achieves this goal by measuring the velocity and spatial distributions of the photofragments. This imaging method is based on the concept of Newton's Spheres; 1 in each photodissociation process, i.e., + ℏ → + + , (TKER stands for total kinetic energy release) two or more daughter products are released from the parent molecule. These products fly off in opposite directions with equal momenta in the center-of-mass frame. From conservation of energy and momentum the TKER is partitioned so that the lighter product gains more KER from the dissociation. By repeating this process many times, the fragments build up spherical distributions in velocity space. Therefore, information can be extracted from the size of the spheres and from the surface pattern on the spheres. The surface patterns of the spheres can be anisotropic. 2 This is the result of a selected directionality in the process, caused by the linear polarization of the dissociating laser and the direction of the dipole moment of the molecule. The aim of this method is to provide experimental tests for quantum molecular theory and for obtaining insight on particular processes in molecules. Using this theory, models regarding the photodissociation process of molecules, specifically potential energy curves, are obtained.
Then we wish to quantify, as a function of wavelength, some important properties of the photodissociation such as: bond energy, symmetry of ground and excited states, absorption cross sections for each transition, time-scales for pre-dissociation of each quantum level of the excited states, angular distributions and vector correlations for each dissociation channel.
Some of the above information is extracted from product photofragment images in the form of radial and angular information. From the product KER and from energy balance the internal state distribution of both fragments can be determined. The surface pattern of the Newton sphere of photodissociation fragments is characterized by the beta ( ) parameter. 1 From these two main quantities, KER and , and from knowledge of spectroscopy and quantum mechanics of the parent molecule and fragments we begin to quantify the properties mentioned above.
In direct photodissociation i.e., when the time-scale of the dissociation (~ fs) is much less than the period of classical rotation of the molecule (~ ps), the fragments fly off in a direction parallel or perpendicular to the polarization of the dissociation laser. Zare 3 has shown that the angular distribution around the axis of symmetry is given by:
where is the angle between the fragments velocity vector and the light polarization direction as shown in Fig. 1 . The 4 factor normalizes the function for the full solid angle. For parallel dissociation = 2 and the velocity distribution will be peaked at the poles of a sphere as shown in Fig.1b , while for the perpendicular case = −1 and the velocity distribution's peak will be on the horizon of a sphere. = 0 corresponds to an isotropic distribution i.e., a solid sphere of equal intensity. The velocity spatial distribution can be affected by the photodissociation time relative to the period of rotations, when the time that is needed to complete the photodissociation process is comparable to the period of rotation an isotropic velocity map is typically achieved. Another factor that affects the spatial distribution of a fragment is the geometry of the bond that is being photodissociated in respect to the transition dipole moment and the photodissociating laser polarization.
The general outline of the photodissociation experiment is (a) creation of the spheres by photodissociation; (b) conversion of the photofragments to ions by laser ionization; (c) projection of the ionic Newton spheres onto a two dimensional (2D) detector; and (d) recovery of the three dimensional (3D) information from the 2D image using a mathematical transformation.
The hydrogen atom
The hydrogen (H) atom is the simplest real system for which the Schrödinger equation can be solved exactly i.e., analytically. In our experiment we need to ionize H atoms ensuing from the photodissociation process of a molecular model, pyrrole, and monitor them with the 2D detector. Thus, the energy levels of H have to be obtained, in order to tune the lasers to the corresponding transition, so that they will excite the photodissociated H atoms.
The Bohr model 4 suggests the simplest way to find the energy levels of the H atom. This model relies on two simple assumptions:
1. The electron moves classically in a circular orbit around the nucleus.
2. The angular momentum is quantized in integer multiples of (the reduced) Planck's constant i.e., (ℏ).
From the first assumption we must conclude, assuming Coulomb attraction between the electron and the proton:
where is the reduced mass, is the electron's charge, v stands for the electron's velocity, is the atomic number, which in our case is equal to unity, is the Coulomb constant (i.e., (4 0 ) −1 ) and is the distance between the electron and the nucleus.
Solving the above equation for velocity we find:
Now using the second assumption, we equate the expression for orbital angular momentum to an integer multiple of the reduced Planck's constant:
Inserting the expression for v (Eq. 3) and solving for we get:
The energy comprises kinetic energy (T) and potential energy (U), leading to:
Inserting the expression for v (Eq. 3) and rearranging:
Where, R y * ≈ 13.6 eV is the Rydberg energy constant.
Though this model is incorrect in general, it provides accurate results for the energy levels of the H atom, which are in agreement with the results derived using the quantum mechanical approach. 4 If one wishes to ionize the H atom in a single photon process, a radiation source within the extreme vacuum ultraviolet part of the electromagnetic spectrum (λ ≈ 91 nm ⇔ E ph ≥ 13.6 eV). To overcome this technical difficulty we use another process which involves using high intensity pulsed lasers. The process we are using is (2 + 1) resonantly enhanced multiphoton ionization 4 The importance of these aspects will become clear in the following sections.
Methods of Ionization
Our main goal in these imaging experiments is to gain insight into molecular dynamics. To achieve that, the molecule is photodissociated in a selective manner, while breaking a specific bond and monitoring the flying fragments. In this project, we demonstrate the ~243.1 nm photodissociation of the H atom from the N-H bond in pyrrole by using three different methods: velocity map imaging (VMI), Doppler-free (DF) and two-color reduced-Doppler (TCRD) imaging.
The H atoms that ensue from the dissociation must be ionized in order to be detected by the multi channel plate (MCP) in the TOFMS. We are interested in the velocity distributions of the H atoms that are obtained in the photodissociation process, since they can give information regarding the dynamics of the photodissociation process.
In order to achieve a credible picture of the dynamics, we need to ionize H fragments of all the occurring velocities and we must do so with equal probability of ionization for different velocities.
The process of ionizing must be through a resonant transition that increases the probability of ionization.
As it turns out, we see in the experiment, 8 relying on the O 2 calibration, that the H fragments have speeds ranging from zero up to 16 km/s. So, the fragments will suffer from Doppler shift and thus some of them will not become ions, since they "see" the ionizing laser with frequency far from resonance. Obviously, only those fragments with a velocity component on the laser's axis will be affected by the Doppler shift.
We can calculate the maximum speed iii that can be probed when aiming at the stationary resonance wavelength 0 = 243.135 nm, with a laser of a linewidth of Δ ̅ ~ 0.2 cm −1 .
According to the Doppler effect:
iii By speed we mean the velocity component parallel to the laser's axis.
Where and 0 are the effective and stationary frequencies, respectively. v is the velocity of the H fragment parallel to the wave vector of the radiation and is the speed of light. Now, restated in wavenumbers and solved for velocity:
Demanding maximum speed v means ionizing with photons on the edge of the linewidth i.e., ̅̅̅̅̅̅̅ = 0 ̅̅̅ + Δ̅ 2 . By plugging in that condition we get: v = 729.45 m/s.
Since we want to probe fragments of all speeds, we need to set the ionizing laser to scan across the Doppler profile. This method of scanning is the traditional VMI, which was explained in the previous section. VMI has many disadvantages, including the long time it takes to scan across the profile, meaning that the experimental conditions may change in a manner that affects the results quality. In addition, it is difficult to maintain a constant intensity and beam shape, across different wavelengths, during the scan of the beam through the Doppler profile. 
Velocity map imaging
The term VMI was coined by Eppink and Parker, 9 who achieved a major improvement in imaging by introducing a simple electrostatic lens that focuses ions with similar velocities to the same spot on the detection screen, thus significantly improving the resolution of the image.
From the theory of two-photon transition (see refs. 5, 8), we know that the probability for the resonant excitation in a (2+1) REMPI process is:
where is the (generalized) cross section for the process, is the beam intensity, is the resonance frequency for the transition between the levels → , are the frequency and wavevector of the beam and is the velocity of the excited atom.
We note that the delta function is in fact a simplification of a Lorentzian.
The cross-section can be derived quantum mechanically by second-order perturbation theory 10 to be:
where the summation is over all off-resonant states | >, which are allowed in single photon transitions, is the moment dipole of the H atom, is the electric field of the photon. We note that the cross-section does not suffer from the Doppler shift significantly, since even for atoms with velocity of 20 km/s the Doppler term in the denominator is four orders of magnitude smaller than the laser beam frequency and the states are anyway far from resonance.
In the previous section we demonstrated that due to the Doppler effect, we can ionize only a small fraction of the H atoms. This is due to the spectral width of the laser, which allows ionizing H atoms with velocities up to ±730 m/s relative to the velocity corresponding to the resonance. As mentioned above, in order to detect the entire velocity distribution with equal probability, the ionizing (probe) laser is scanned across the Doppler profile, while accumulating the images obtained from each pulse. The composite image will have the entire velocity distribution probed with equal probability for detection since each velocity was probed by the same amount of pulses and with the same overall intensity.
With the resonance for the (2+1) REMPI of H at 0 = 243.135 nm and considering that the fastest H atoms fly at v = 16 km/s, we can see from the Doppler effect 
we get: 
Doppler-free
In DF ionization, we split the probe beam in half and direct the split beams so that they arrive while counterpropagating into the interaction region, where they are spatially and temporally overlapped. When this is achieved the probability for the (2+1) REMPI resonance is given by:
where is the cross section for the process, is the intensity of the beams, is the resonance frequency for the transition, are the frequencies of the beams propagating from right and left respectively, are the wave vectors of the beams, is the velocity vector of the H atom in the lab frame.
The first two terms are the same as for VMI, where each one is due to absorption of two photons propagating in the same direction. These terms suffer from the Doppler shift as discussed above, and so will be available only for a small fraction of the photodissociated H atoms.
The last term is the interesting one for DF, since if we split the beam originating from the probe laser into two counterpropagating beams, then they will be of the same frequency. If we set this frequency to be half of the resonance frequency then we can see that
Since the beams are counterpropagating and with the same frequency, + = , as well, and thus we have a process of ionization which has its probability independent of the H atom velocity. This allows probing the entire velocity distribution in a single laser pulse, and moreover, this process is four times more probable than the VMI processes, as explained in the next paragraph.
We note that in the general case there would have been different intensities for the two beams, and different cross sections for each process, but we assume the beams are with equal intensities, have the same linear polarization, have the same frequency, and the same temporal width. So the cross section is the same for all processes. The factor four in the last process is due to the sum of different terms in the derivation of the cross section for DF (see Appendix A).
We can predict that in a single pulse of the probe laser we will see in the velocity map the entire velocity distribution due to the DF term and on top of that a contribution from the two VMI terms manifested as a bright vertical strip in the middle of the image.
There has been an attempt by Temps and co-workers6 to achieve a DF velocity map image by using circularly polarized beams. In their experiment, two counterpropagating beams with opposite circular polarizations, i.e., 
Two-color reduced-Doppler
In TCRD, we rely on the theory developed for DF, with a few changes. The beams are also set to counterpropagate, but they originate from different laser sources. This allows freedom in setting the wavelengths of the beams. The wavelengths are chosen in such a way to eliminate the first two terms (the VMI terms) introduced in the probability equation in the above DF section (Eq. 17), i.e., the terms given by:
The elimination of these terms is made by choosing the wavelengths of the beams so that the arguments of the delta functions cannot be zero for all possible velocities. Yet, we are interested that the DF term will not vanish.
So the effective probability for the resonant transition in (2+1) REMPI is:
This imposes other limitations on choosing the frequencies of the probe beams. First, we
So, the two frequencies must sum up to the transition frequency. Secondly, the term:
cannot vanish since although the beams are counterpropagating, they are fixed at different wavelengths, so this term must be negligibly small for all velocities compared with the spectral width of the probe lasers. This is achieved by setting the frequencies close enough one to each other, so even for the fastest H atoms the contribution of this term is several orders of magnitude smaller than the linewidth of the laser, which can be considered constant in intensity around the central frequency. In our experiment the wavelengths used are = 243.12 nm and = 243.15 nm.
The fastest H atoms are estimated to have speeds up to 16 km/s, giving a term (Eq. 22) of 2.7 × 10 −4 cm −1 while the width of the laser is ~ 0.2 cm −1 .
Experiment
A home-built 8 VMI apparatus, largely based on the design of Eppink and Parker 9 , was used.
The main components of the setup are shown schematically in Fig.2 . The system contains a source and a main detection chamber, which are differentially pumped and separated by a skimmer with a 0.8 mm diameter (dia.) aperture. The main chamber consists of a set of ion lenses, a field-free TOF region, and a "position sensitive" MCP ion detector [dual MCP of 40 mm diam. and a phosphor screen (P20)]. The electrostatic imaging assembly includes three plates, repeller (R), extractor (E), and ground (G) with 2, 20, and 20 mm holes, respectively, and an overall dia. of 70 mm. The spacing between the consecutive plates (R and E, E and G) and between the G plate and the detector were 20, 20, and 316 mm, respectively. The applied voltages on the first two plates, were 2000 and 1460 V, respectively. 
Results
We summarize the results of the methods mentioned above in Fig. 3 below. The left image in In all of the images, it is observed that there are two distinct and separate velocity distributions. The first is in the middle, representing the slow moving H atoms that ensue from the photodissociation process. This distribution is isotropic. The other distribution is represented by the sharp outer rings, due to the fast moving H atoms that ensue from the photodissociation process. The fast moving H atoms' distribution is anisotropic and has more intensity on the sides of the image rather than on the poles.
The explanation for these two distinct velocity distributions lies in the dynamics of the photodissociation. In the potential curves of the ground level and the first electronically excited level of the N-H bond of pyrrole there is a local degeneracy known as conical intersection (CI) i.e., a crossing of these potential curves which allows a transition from one curve to the other. When the molecule is excited from the ground state into the first electronic state, there are two channels for the breaking of the N-H bond. The first channel is the fast one, in which the bond is stretched quickly and continues straight through the CI to a repulsive potential and finally to the breaking of the bond. The second channel is the slow one in which the molecule passes through the CI to the well of the ground state and then photodissociates, after some intramolecular vibrational redistribution (IVR) took place (see below).
The relation between the two different dissociation channels and the isotropy of the velocity distribution becomes clear when considering that when the dissociation takes a longer period such as described for the slow H photofragments, the molecule has time to rotate and thus we see that the H photofragments fly off in all directions in an isotropic manner. In contrast, when the photodissociation is immediate the molecule does not have sufficient time to rotate significantly and we see that there is a preferred direction that the H photofragments fly off,
i.e., to the sides of the image. It is important to take into mind that only molecules that are oriented in a specific orientation will be excited into the electronic level, due to the selection rules for the transition.
Another matter that demands explanation is the reason for the fast and slow velocities of the H atoms. The explanation is that the longer process i.e., the slow channel, allows the molecule to redistribute the energy into vibrational states at the ground electronic state by IVR, finally resulting in slow moving H photofragments. Whereas in the immediate dissociation, i.e., the fast channel, the molecule goes directly to dissociation so the fast moving H photofragments carry off most of the available energy.
Conclusions
In this work, we have shown that by using TCRD it is possible to monitor in one pulse the entire velocity distribution of the H photofragments, resulting from the photodissociation of pyrrole.
The results that were obtained showed that the entire velocity distribution of the H photofragment could be obtained by using two counterpropagating laser beams with fixed and close wavelengths, while reducing the Doppler broadening effect. The benefit of using TCRD over DF is the elimination of the stripe in the middle of the image, at the cost of using an additional laser, compared to DF.
This technique provided us direct information on the angular and velocity distribution of the H photofragments released in photodissociation of pyrrole. Using this method, the dynamics of pyrrole photodissociation was studied, while showing the occurrence of two channels, fast and slow.
It is anticipated that this scheme of TCRD will find a niche in measurements of H photofragments excitation spectra and those of other atoms, particularly when measurements with low level signal intensities have to be performed. It is easy to see, using parity considerations. As stated above, the quantum number determines the parity of the spherical harmonics. In this transition, the 1s orbital and the 2p orbital are an even and an odd functions of coordinates, respectively. Whichever polarization excites the transition the term is odd, e.g., for z axis linearly polarized photon this term is proportional to z, thus an odd function. So the transition dipole moment comprise an integral over multiplication of two odd functions and an even function:
resulting in an even integrand and so, a non-vanishing integral.
